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Abstract
Delay discounting (DD) refers to the preference for smaller immediate rewards over larger but
delayed rewards, and is considered to be a distinct component of a broader “impulsivity”
construct. Although greater propensity for discounting the value of delayed gratification has been
associated with a range of problem behaviors and substance abuse, particularly in adolescents, the
origins of individual differences in DD remain unclear. We examined genetic and environmental
influences on a real-life behavioral measure of DD using a longitudinal twin design. Adolescent
participants were asked to choose between a smaller ($7) reward available immediately and a
larger ($10) reward to be received in 7 days. Biometrical genetic analysis using linear structural
equation modeling showed significant heritability of DD at ages 12 and 14 (30 and 51%,
respectively) and suggested that the same genetic factors influenced the trait at both ages. DD was
significantly associated with symptoms of conduct disorder, attention deficit hyperactivity
disorder, substance use, and with higher novelty seeking and poor self-regulation. This study
provides the first evidence for heritability of DD in humans and suggests that DD can be a
promising endophenotype for genetic studies of addiction and externalizing disorders.
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Introduction
Delay discounting (DD) typically refers to the preference for smaller immediate rewards
over larger but delayed rewards and to the well established fact that the subjective value of
reward decreases with increasing delay to its receipt. In more general terms, when the
consequences of one’s actions are delayed, they decrease in value and are less effective in
controlling ongoing behavior (Reynolds 2006). Individuals with a high rate of DD tend to
discount longer-term consequences of their decisions and actions, and their behavior is
largely driven by the prospects of immediate gratification rather than the pursuit of longer
term goals. Experimental procedures for measuring DD were originally developed in animal
studies of operant behavior. In these procedures, animals chose between smaller immediate
rewards such as one pellet of food and larger rewards such as two pellets of food delivered
after a certain delay (Ainslie 1975; Monterosso and Ainslie 1999). In humans, different
measures of DD involving hypothetical or real monetary rewards have been used as a model
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for impulsive choice, i.e. the tendency to select small immediate gains rather than larger but
delayed rewards (reviewed in Reynolds 2006).

Neurobiological bases of inter-temporal choice including DD have been relatively well
investigated in animal models. These studies (reviewed in Dalley et al. 2008) strongly
implicate the orbitofrontal cortex and the core of the nucleus accumbens as key neural
substrates underlying the choice between immediate and delayed reward and suggest that
brain regions underlying DD are distinct from those underlying response inhibition, another
aspect of impulsivity. More recently, human studies using neuroimaging techniques have
shown that the subjective value of a monetary reward is represented by activity in the ventral
striatum, the medial prefrontal cortex, and the posterior cingulate cortex (reviewed in
Cardinal 2006), although the extent to which activity in this functional network
differentiates between immediate and delayed reward is a matter of ongoing debate. In one
neuroimaging study, choices of an immediate reward were associated with greater activity in
these brain regions, whereas choices of delayed reward were associated with greater activity
in the lateral prefrontal and posterior parietal cortical regions (McClure et al. 2004). These
findings provide support for a “competing brain systems” hypothesis, according to which the
choice of immediate versus delayed reward depends on the competition between two distinct
neural systems, the mainly limbic and paralimbic “impulsive” system and the cortical
fronto-parietal “reflective” system (Bechara 2005; Bickel et al. 2007). In contrast, another
neuroimaging study provided evidence that both immediate and delayed rewards are
represented within a single reward valuation network that tracks the subjective value of
possible rewards during choice (Kable and Glimcher 2007). Importantly, a neurometric
discount function reflecting tradeoffs between amount and delay showed a good match with
the psychometric discount function captured by behavioral tradeoffs between these variables
(Kable and Glimcher 2007).

Increasing evidence suggests that individual differences in DD are associated with liability
to addiction and comorbid impulse control disorders. Human studies using various DD
procedures have demonstrated that addicted individuals show a strong tendency to discount
delayed rewards (Perry and Carroll 2008; de Wit 2009), and animal studies have shown an
association between DD and the propensity to substance dependence such as alcohol
preference and rates of cocaine self-administration (Perry and Carroll 2008; Verdejo-Garcia
et al. 2008). It should be noted, however, that although the association between DD and
different aspects of addictive behaviors is well established, the direction of causation
remains unclear: this association can arise both due to pre-existing cognitive deficits leading
to addiction and due to chronic drug exposure causing cognitive deficits (Audrain-
McGovern et al. 2004; Reynolds 2006).

The role of impulsive choice in vulnerability to addictive disorders is particularly important
during adolescence. First, adolescence is a period of increased risk for onset of substance
use and the development of dependence. Second, adolescence is characterized by continuing
development of the brain, particularly its prefrontal cortical areas, as evidenced by
morphological (Yakovlev and Lecours 1967), electrophysiological (Hudspeth and Pribram
1992; Anokhin et al. 1996; Segalowitz and Davies 2004), and imaging (Ernst and Mueller
2008; Giedd 2008) data. Importantly, due to uneven neurodevelopmental trajectrories of
different brain regions and systems, adolescence is characterized by a relative immaturity of
the frontally mediated cognitive control system and relative maturity of the mostly sub-
cortical systems underlying motivation and reward processing (Chambers et al. 2003).
Consistent with this notion, adolescents show greater delay aversion compared to young
adults (Scheres et al. 2006; Olson et al. 2007). Thus, in line with the competing neural
systems model (Bickel et al. 2007), adolescents can be more susceptible to addictions
because their “impulsive” system prevails over the “reflective” executive control system.
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Indeed, studies using various DD paradigms showed that a greater tendency to discount
delayed gratification is associated with substance use in adolescents and young adults
(Wulfert et al. 2002; Kollins 2003; Reynolds et al. 2003; Audrain-McGovern et al. 2004;
Reynolds 2006; Bickel et al. 2007; Perry and Carroll 2008; Verdejo-Garcia et al. 2008), as
well as with psychopathology associated with increased risk for substance use and
dependence such as externalizing (aggressive and delinquent) disorders (Krueger et al.
1996) and ADHD (Scheres et al. 2006). Taken together, converging evidence from animal
and human studies suggests that addiction liability can in part be mediated by individual
differences in the neural mechanisms affecting decision making, such as propensity for
impulsive choices.

Due to its strong association with addiction, availability of well established animal models,
and relatively well elucidated neural substrates, DD can potentially serve as an intermediate
biobehavioral phenotype that could help bridge the gap between genetic risk factors and
complex psychiatric phenotypes such as substance use or externalizing disorders in which
impulsivity is implicated as a core underlying dysfunction. An important requirement of
such an intermediate phenotype is its heritability. However, little is currently known about
the relative contribution of genetic and environmental factors to individual differences in
DD in humans. Several previous studies have provided converging evidence for about 45%
heritability for self-reported measures of impulsivity (Pedersen et al. 1988; Hur and
Bouchard 1997; Seroczynski et al. 1999). However, these studies provide little information
about genetic influences on DD because the self-report instruments used in these studies did
not incorporate temporal discounting as a distinct component. Furthermore, correlations
between DD measures and self-reported impulsivity have been fairly modest (Beck and
Triplett 2009; Richards et al. 1999) or non-significant (Reynolds et al. 2006), suggesting that
DD may represent a construct that is distinct from other aspects of a broader “impulsivity”
construct. Studies have demonstrated good test–retest reliability of DD measures (Ohmura et
al. 2006; Beck and Triplett 2009), but the origins of these stable individual differences
remain unclear. Recently, studies using animal models have provided some evidence for
genetic influences on DD: significant strain differences in DD were found in rats (Wilhelm
and Mitchell 2009) and increased DD has been reported in mice selectively bred for alcohol
preference (Mitchell et al. 2006; Oberlin and Grahame 2009). However, we are not aware of
published studies estimating heritability of DD in humans.

Accordingly, the main goal of the present study was to estimate the heritability of DD, i.e.
the proportion of inter-individual variability accounted for by genetic factors, using a
classical twin design. Another goal was to assess age-related changes and developmental
stability of individual differences in DD during early adolescence using a longitudinal
approach.

An additional goal was to provide further evidence for the validity of the DD measure by
investigating DD’s association with relevant personality variables and behavioral outcomes
such as substance use and other problem behaviors. Consistent with previous studies
implicating DD in a broader impulsivity construct, we hypothesized that participants
choosing immediate but smaller reward would be characterized by a personality and
behavior profile indicating elevated level of eternalizing symptoms. Specifically, we
expected that participants making an “impulsive” choice would score higher on the Novelty
Seeking (NS) and lower on the Self-Directedness (SD) scales of the Temperament and
Character Inventory (TCI) (Cloninger and Svrakic 1997; Constantino et al. 2002), would
show more symptoms of conduct disorder and ADHD (particularly its impulsivity
component), and would be more likely to report substance use. Finally, we examined
possible influence of family socioeconomic status (SES) on the participants’ decision in the
reward choice task.
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Materials and methods
Sample

Subjects were 744 adolescent twins (48.0% female; age at first assessment: M ± SD = 12.5 ±
0.21 years) participating in a longitudinal twin study of the genetics of brain function and
behavior. The sample ascertained at age 12 included 169 MZ pairs (82 male, 87 female) and
203 DZ pairs (71 male, 49 female, and 83 opposite sex). Twins were recruited from the
general population through a twin registry and represented three consecutive birth-year
cohorts. The study was approved by Washington University Institutional Review Board, and
written informed assent and consent were obtained from adolescent participants and their
parents, respectively, after complete description of the study to the subjects and their
parents. The subjects were retested at age 14 (M ± SD = 14.6 ± 0.24 years; n = 606, or
81.5% of the original sample). It is important to note that because the collection of follow-up
data was still ongoing at the time of the analysis, the smaller number of subjects at age 14
reflects not only dropouts, but also incomplete follow-up.

Subjects with a history of serious head trauma or health conditions precluding a laboratory
visit or the ability to perform the experimental tasks (e.g. severe visual impairment or mental
retardation) were excluded. In addition, data from African American participants were not
included in the present analyses because preliminary analyses showed substantial ethnic
heterogeneity with respect to the studied measure, but due to the small size of the African
American group (13.9% of the sample) we did not have sufficient statistical power to model
group differences or to conduct separate analyses within this group. Zygosity was
determined based on a standard interview administered to the twins’ parents, on the research
assistants’ ratings of the twins’ physical similarity, and on a set of seven DNA markers
genotyped in 94% of the participants. The reliability of zygosity diagnosis by questionnaire
has been demonstrated in previous studies (Kasriel and Eaves 1976), and the agreement
between interview and genotyping data was 95.1%.

Reward choice procedure
At the end of the laboratory session, which included a series of psychophysiological and
behavioral tests, the participants were told that they had earned an additional bonus for their
cooperation and good performance. They were asked to choose between two options: to
receive $7 in cash immediately (the bills were placed on the desktop in front of them) or to
receive $10 in cash by mail in 7 days. The test was administered individually to each twin,
such that the twins were unaware of their co-twin’s choice. If the subjects chose the
immediate reward, they were handed the $7 bonus, and if they chose a delayed reward, a
$10 bill was mailed to them in a regular envelope on the 4th day following the lab visit (the
local mail delivery takes 2–3 days, with larger delays being extremely rare). During a
routine follow-up call, the receipt of the reward was confirmed and the subject was queried
about their experience. No complaints about failed delivery or delays were received.

We used a delay of gratification procedure that has been shown previously to predict
problem behaviors in high school children (Wulfert et al. 2002). This test is quick, places a
minimum burden upon the subjects, is ecologically valid, and models real-world choice
situations. It also has the advantage of being a naturalistic reward choice test whereby the
respondents directly experience the consequences of their choices (i.e. obtain a real rather
than a hypothetical reward and experience a real rather than a hypothetical delay), which
ensures active motivational engagement by the participant. Although previous studies have
established a good correspondence between the discounting of real and hypothetical rewards
(Johnson and Bickel 2002; Madden et al. 2003), other studies found systematic differences
in the rate of discounting depending on the reward type (Hinvest and Anderson 2010).
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Furthermore, the use of real rewards is more suitable for research with children because they
require minimum abstraction on the part of the child participant (Reynolds 2006).

Other assessments
Participants were administered the TCI (Cloninger and Svrakic 1997; Constantino et al.
2002) to assess the personality dimensions of NS and SD. In addition, a proxy measure of
SES was derived from parental occupation data. Parental occupations were classified into
nine categories according to Hollingshead (1975) and the score categories were averaged for
both parents. If only one parent provided occupational data, the family was assigned a score
based on the available data from one parent. Occupational score has been shown to correlate
highly with education, income, and “prestige” rating (Hollingshead 1975) and thus can serve
as a good proxy indicator of SES of the family. Participants were administered Missouri
Assessment of Genetics Interview for Children (Todd et al. 2003), a semi-structured,
diagnostic interview for children and adolescents that has been developed and extensively
used in epidemiological family genetic studies of psychiatric disorders in adolescents. In
addition, participants completed a paper-and-pencil substance use screen.

Statistical analyses
The relationship between DD and personality, social status, psychiatric symptoms, and
substance use variables was examined using ANOVA with DD as a categorical (grouping)
variable or χ2 tests, depending on the variable type.

To estimate heritability, i.e. the relative contribution of genetic and environmental sources to
individual differences in choice behavior, we performed a biometrical genetic analysis using
linear structural equation model (SEM) fitting, a standard approach in twin genetic research
(Neale and Cardon 1992; Rijsdijk and Sham 2002). SEM models were fitted using the Mx
package, which was specifically developed to model genetically informative data (Neale et
al. 2002). These models assume that phenotypic variance arises from the following factors:
additive genetic influences (A), non-additive genetic influences (D), environmental
influences shared by family members (C), and individually unique (unshared) environmental
influences (E). It was not possible to test a model including both D and C with our data, thus
we tested ADE and ACE models separately. It is important to note that A, D, and C increase
intrapair twin similarity whereas E decreases it.

We fit a bivariate Cholesky model (see Neale and Cardon 1992) with measurements taken at
ages 12 and 14 entered as separate variables. In a longitudinal analysis, the bivariate model
permits the estimation of both the genetic and environmental influences at each age and the
correlations between genetic and environmental factors across ages, which is important for
examining whether same or different genetic and environmental factors influence the trait at
different ages. Since our sample included both male and female twins and preliminary
analyses suggested some differences between male and female twin correlations, we
investigated potential sex differences in genetic and environmental effects on the DD
phenotype by allowing genetic and environmental parameters to differ between males and
females.

Path coefficients corresponding to these genetic and environmental factors were estimated
using maximum likelihood, and the goodness of model fit was indicated by −2LL (log
likelihood). Submodels were tested by dropping individual paths from the full model. The
significance of individual paths was tested by comparing the fit of the submodel to the fit of
the saturated model using a χ2 test of the difference between the log likelihoods for the two
models with degrees of freedom corresponding to the difference in the degrees of freedom
between two models. Model fit was assessed using the Root Mean Square Error of
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Approximation (RMSEA; equation per Chen et al. 2008; Kenny and McCoach 2003; Rigdon
1996) and Akaike’s Information Criterion (AIC). If dropping a path reduced the goodness of
fit (i.e. the RMSEA and AIC increased), the path was retained in the model, otherwise the
more parsimonious model was chosen. Heritability was estimated as the percentage of the
total variance of the trait attributed to genetic factors; in addition, 95% confidence intervals
of the estimates were computed. A detailed description of the model fitting approach and
assessment of heritability can be found elsewhere (Neale and Cardon 1992; Rijsdijk and
Sham 2002).

For all quantitative genetic analyses, the occupational status measure was further collapsed
into a five-level measure with approximately equal proportions of respondents in each
category. These five levels were used to create four dummy variables, with the highest
occupational status group as the comparison group. These dummy variables were included
in all quantitative genetic analyses, to control for any effects of occupational status on DD.

Results
Developmental stability and change

There was a significant decrease in the prevalence of impulsive choices with age: 35.0 and
27.5% of the sample preferred the smaller but immediate reward at ages 12 and 14,
respectively (McNemar’s test: (χ2 = 8.45, df = 1, P = .004). There were no significant sex
differences in the preference of immediate versus delayed rewards at either age (χ2 = .60
and .46, P = .44 and P = .50 at ages 12 and 14, respectively). There was a highly significant
within-subject association between choices made at ages 12 and 14 (χ2 = 33.9, df = 1, P < .
0001; tetrachoric r = .44) indicating significant developmental stability of temporal
discounting preferences despite significant age-related changes.

Association with personality, behavior, and SES
At both ages, DD was significantly associated with the Novelty Seeking (NS) and Self-
Directedness (SD) scales of the TCI in the predicted direction: participants choosing the
immediate but smaller reward scored higher on NS (F1,646 = 11.7, P = .001 and F1,511 =
3.94, P = .048 at ages 12 and 14, respectively) and lower on SD (F1,646 = 6.39, P = .012 and
F1,511 = 5.08, P = .025 at ages 12 and 14, respectively).

Preference for immediate reward was associated with larger number of Conduct Disorder
symptoms (F1,741 = 10.27, P = .001 at age 12 and F1,490 = 6.80, P = .009 at age 14) and
ADHD symptoms from all three domains at age 12 (Inattentive: F1,638 = 9.85, P = .002;
Hyperactive: F1,638 = 10.73, P = .001; Impulsive: F1,638 = 5.35, P = .021); however, at age
14 only the association with Impulsive symptoms was significant (inattentive: F1,638 = 3.87,
P = .050; hyperactive: F1,638 = 3.79, P = .052; impulsive: F1,638 = 6.14, P = .014).

Although preference for immediate reward was associated with substance use over the past
year (any substance use, χ2 = 7.46, P = .006; tobacco, χ2 = 8.76, P = .003; alcohol, χ2 = 8.68,
P = .003; marijuana, χ2 = 7.16, P = .007; df = 1 for all tests) at age 14, none of these
associations reached significance at age 12.

Finally, DD was significantly associated with family SES derived from parental occupation
data: F1,644 = 10.47, P = 0.001 at age 12 and F1,531 = 11.86, P = 0.001 at age 14, although
effect sizes were modest (d = .27 and .35, respectively). Specifically, at both ages
participants from families with lower SES tended to prefer smaller but immediate rewards.
SES was included as a covariate (definition variable) in the genetic analysis through the use
of four dummy variables (with the highest income bracket as the comparison group).
Percentages of respondents in the lowest through highest socioeconomic brackets were 16,
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26, 25, 17, and 15% respectively (1% of respondents had not socioeconomic data and were
set to missing for these variables).

Twin correlations and heritability
Tetrachoric correlations computed within the twin pairs (Table 1) were significant for MZ
twins at both ages, whereas DZ twin correlations were generally lower and mostly non-
significant, suggesting the presence of genetic influences. The results of model fitting are
presented in Table 2. First, we fit a saturated model, which estimated a variance/covariance
matrix for each group (10 parameters for each of 5 twin groups; 50 parameters total),
thresholds for each twin for each variable (5 groups, 2 twins per group, 2 variables per twin;
20 parameters total), and regression coefficients for each definition variable (5 groups, 2
twins per group, 4 definition variables per twin, 2 variables per twin; 80 parameters total).
More restrictive genetic models were then tested against the saturated model to determine
whether they provided an adequate fit with a more parsimonious model. Our first genetic
model included additive genetic, non-additive genetic, and unique environmental influences
(ADE) because in most cases the MZ correlations were more than twice the DZ correlations,
suggesting the contribution of non-additive genetic factors. The initial ADE model (Model
1) allowed for the differences in parameter estimates between males and females, equated
thresholds for members of same-sex twin pairs (males and females estimated separately),
and equated the impact of SES on same-sex twin pairs (males and females estimated
separately). Thresholds and regression parameters for members of DZO pairs were
estimated separately from each other and from the same-sex pairs. Under this model, broad-
sense heritability (including both additive and non-additive genetic influences) was
significant at both ages (age 12: 37 and 38% for males and females, respectively; age 14: 45
and 80% for males and females, respectively). However, equating male and female
parameters did not lead to a significant deterioration of fit (Model 2). Because there was
some evidence of shared environmental influences (C) at age 12, we also tested ACE
models. As with the ADE models, ACE models incorporating shared environmental
influences (C) indicated that male and female parameters could be equated (Model 4 vs.
Model 3). Because the full ADE model fit the data slightly better than the full ACE model
(according to both the RMSEA and the AIC), the ADE model was selected for further
analyses. Additional analyses indicated that non-additive genetic influences (D) could be
dropped without a significant deterioration of fit (Model 5) and that additive genetic
influences specific to age 14 could be dropped from the AE model without a significant
decrement in fit (Model 7), but that dropping additive genetic influences common to both
ages led to a highly significant deterioration of fit (Model 6). It was also possible to drop the
path linking unique environmental influences across the two ages (Model 8), indicating that
the unique environmental influences (which include actual individual-specific effects as well
as error variance) were not overlapping across the two assessments. Thus, the best-fitting
model (Model 9) included additive genetic influences that were common to ages 12 and 14
and age-specific non-shared (individual) environmental influences. Standardized parameter
estimates for this model are shown in Fig. 1, and heritability estimates under this model can
be found in Table 1. At both ages, heritability was significant, with a slight increase at age
14. Importantly, because age-specific genetic influences at age 14 could be dropped
completely, genetic correlation between DD at different ages was 1.0.

Discussion
This study provides the first estimate of the heritability of DD in humans. Using a real-
money choice paradigm, this study demonstrated that individual differences in the
discounting of delayed gratification among adolescents are moderately to strongly
influenced by genetic factors at ages 12 and 14 respectively. The results also suggest an
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increasing role of genetic factors with age. Given that DD is considered to be one of the key
components of a broader impulsivity trait (Perry and Carroll 2008; de Wit 2009), the
demonstration of a significant genetic component in DD has important implications for
genetic studies of psychopathological conditions characterized by increased impulsivity,
particularly those involving impulsive decision-making, such as addictions, pathological
gambling, externalizing disorders, and ADHD.

The present study also adds to the literature on DD and SES. We found that adolescents
from lower-income families were more likely to choose immediate but smaller rewards,
which is consistent with a previous study involving choices between hypothetical amounts
of money conducted on a population of older adults (Green et al. 1996). Taken together,
these findings suggest that SES is inversely associated with DD across age groups
(adolescents and elderly) and reward types (real and hypothetical rewards). One possible
explanation for this finding is that there is a causal relationship between propensity to
discount delayed rewards and SES, and that this relationship is genetically mediated. There
is evidence for genetic influences on SES indicators such as occupational status and
educational attainment (Heath et al. 1985; Tambs et al. 1989), and these genetic influences
could be mediated by individual differences in DD. For example, individuals with a
genetically influenced “impulsive” decision making style may have a propensity to choose
smaller but immediate gratification (such as going to parties or watching television) at the
cost of larger but delayed rewards (such as acquisition of a professional degree) and thereby
be less likely to attain higher SES. Further research would be needed to test such a
possibility.

Taken together, the present findings and previous literature suggest that DD may represent a
core neurocognitive dysfunction contributing to a range of problem behaviors characterized
by reduced sensitivity to the delayed consequences of one’s decisions and actions. The
preference for immediate but smaller rewards may be a behavioral marker of underlying
genetic liability to impaired decision making and could serve as a useful endophenotype for
genetic studies of the etiology of substance use disorders. The finding of genetic influences
on this behavioral phenotype raises the question about genetic influences on specific neural
substrates underlying intertemporal choices. These issues need to be addressed in future
studies using cognitive brain electrophysiology and/or functional neuroimaging methods in
genetically informative designs.

Another important issue concerns specific genes accounting for the heritability of DD. A
recent study using hypothetical money choices reported an association between the rate of
discounting and two dopamine-related genes (Eisenberg et al. 2007), although these
associations accounted for less than 5% of total variance. Given that the present findings
indicate that genetic factors account for about 50% of the total phenotypic variance (at least
for the real-money choice paradigm used) it is likely that many more genes are involved
DD. Future studies should aid in the identification of individual genes influencing variability
in decision making.

The present findings also have implications for the understanding of normal-range
individual differences in personality and behaviors involving economic decisions. A
particularly intriguing possibility is that heritable individual differences in inter-temporal
decision style may be associated with real-world economic behavior such as saving,
investing, purchasing decisions, etc. It is also important to determine whether hypothetical
rewards have comparable heritability to real rewards.

The results of this longitudinal study also indicate significant age-related changes in DD,
suggesting a decrease in the propensity for impulsive choice during early adolescence. This
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finding is consistent with the notion that adolescence is a period of significant changes in
cognitive and emotional systems and their underlying neural substrates (Ernst and Mueller
2008). Despite the relatively narrow age range in the present study, the findings suggest a
significant trend towards the increasing role of the “reflective” system and decreasing role of
the “impulsive” system as adolescents grow older (Bickel et al. 2007).

Some important limitations of the present study need to be acknowledged. First, data from
the ongoing longitudinal study were available for only a limited age range of 12–14 years
and it remains to be seen how the propensity for DD and genetic influences on this measure
will change during mid- and late adolescence. Second, this study used a simple categorical
measure of DD which did not allow us to model the DD function and estimate its
quantitative characteristics. Finally, the results of model fitting must be interpreted with
caution because our relatively modest sample size resulted in limited power to identify
possible differences in male and female heritability.

In summary, this study provides the first estimate of the relative contribution of genetic and
environmental factors to an experimental behavioral measure of DD, a distinct facet of the
impulsivity construct, and suggests that DD can be a promising endophenotype in
psychiatric genetic research of addiction and frequently comorbid disorders such as conduct
disorder and ADHD.
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Fig. 1.
Path diagram for the best-fitting structural equation model. The paths retained in the model
along with the estimated path coefficients are shown in black, and the paths that could be
dropped without significant deterioration of fit are shown in grey. Rectangles represent the
observed phenotype (choice of immediate versus delayed reward) measured at ages 12 and
14; circles represent the corresponding latent additive genetic, non-additive genetic, and
non-shared environmental factors (A, D, and E, respectively). Standardized parameter
estimates are shown for each path retained in the final model
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